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Abstract
A comprehensive statistical analysis of the relationship between the chemical and spatially
kinematic parameters of the globular clusters of the Galaxy has been performed. The data of
the authors compilation catalog contain astrophysical parameters for 157 clusters and the relative
abundances of α-elements for 69 clusters. For 121 clusters, the data are supplemented by spa-
tially kinematic parameters taken from the literature. The phenomenon of reddening of horizontal
branches of low-metal accreted globular clusters is discussed. We consider the contradiction be-
tween the criteria for clusters to belong to the subsystems of the thick disk and the halo in terms
of chemical and kinematic properties. It consists in the fact that, regardless of belonging to the
galactic subsystems by kinematics, almost all metallic ([Fe/H] > −1.0) clusters are located close
to the center and plane of the Galaxy, while among the less metallic of both subsystems there
are many distant ones. Differences in the abundances of α-elements in the stellar objects of the
Galaxy and the surrounding low-mass dwarf satellite galaxies confirm the wellknown conclusion
that all globular clusters and field stars of the accreted halo are remnants of galaxies of higher
mass than the current environment of the Galaxy. A possible exception is a distant low-metal
cluster with low relative abundance of α-elements Rup 106.
Key words: Galaxy: structure–globular clusters: general.
1 Introduction
Globular clusters are one of the oldest objects in the Galaxy, and therefore cause great interest in
connection with the possibility to understand how the formation and early evolution of the Milky
Way happened. Until recently, all globular clusters were considered to be typical representatives of
their own galactic halo, that is, formed from a single protogalactic cloud at the initial stages of the
formation of the Galaxy. However, it was subsequently shown that some of the clusters most likely
landed on our Galaxy from decaying satellite galaxies. This discovery roughly coincided in time with
the emergence of the theory that massive galaxies like ours are formed in the early stages of their
evolution as a result of the continuous accretion of dwarf galaxies. In paper [1] (hereinafter MKG19)
we provide a list containing 22 supposedly accreted clusters, and references to works in which this is
stated. Among them are ten clusters lost by the dwarf galaxy Sagittarius (Sgr), seven clusters-by the
Canis Major galaxy (CMa) and five clusters-by other satellite galaxies.
A characteristic feature of such clusters was the phenomenon of abnormally reddened horizontal
branches, not corresponding to their low metallicity, and often large distances from the galactic center.
The excess of stars on the red part of the horizontal branch at low metallicity appears in the case of a
younger age of the cluster, so they were initially considered “young”. It is on these grounds that they
were selected when researchers wanted to explore them in more detail. It is generally accepted that
such clusters form a subsystem, which, according to the chosen dominant feature, is called the “young
halo”, “external halo” or “accreted halo” (see, for example, paper [2] and references therein). But the
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remaining genetically related clusters, which are believed to have formed from a single protogalactic
cloud, are divided into two subsystems: the thick disk and the halo itself. The separation is due to
the metallicity distribution of the clusters, which reveals a sharp dip in the vicinity of [Fe/H] ≈ −1.0
(see, for example, the papers [2],[3]). At the same time, more metal-rich clusters are considered
representatives of the thick disk subsystem of the Galaxy.
For a long time it was believed that the formation of all stars in each cluster occurred simulta-
neously, and therefore the abundances of all chemical elements in the stars must correspond to the
abundances in the primary protoclouds of these clusters. But then found out, that in all clusters the
self-enrichment was happening, which changed abundances of some chemical elements (see, for exam-
ple, paper [4] and references therein). In general, the abundances of only those chemical elements that
are involved in proton capture processes occurring during hydrostatic helium combustion in the center
or in the layer sources of asymptotic giant branch (AGB) stars turned out to be distorted. Mainly,
these processes in AGB stars decrease the relative abundances of primary α- elements (oxygen and to
a lesser extent magnesium) and increased sodium and aluminum. When such a star loses its envelope
at a later stage of evolution, these elements enter the interstellar medium of the cluster. As a result,
new generations of stars in it are with a changed chemical composition. The average abundances of
the remaining chemical elements in cluster stars remain almost primary (see, for example, paper [5]
and references therein). This allows us to use these abundances to understand the evolution of the
Galaxy in the early stages of its formation.
Since globular clusters belonging to different subsystems were formed from interstellar matter
that has experienced different scenarios of chemical evolution, it can be expected that the relative
abundances of chemical elements in clusters of different nature will differ. This work is devoted to a
comparative statistical analysis of the relationship of the relative abundances of α-elements with the
spatially kinematic characteristics of globular star clusters belonging to different subsystems of the
Galaxy, in order to clarify their nature and verify the results of our previous work [1] (MKG19), where
the same problem was investigated for almost half the number of clusters with known kinematic data,
and of lower quality.
2 INITIAL DATA
Our catalog was created on the basis of the computer version of Harris [6] compilation catalog,
which includes all measured values for 157 globular star clusters of the Galaxy. These data are
supplemented by the relative abundances of 28 chemical elements in the stars of 69 globular clusters
from 101 papers published from 1986 to 2018. References to these papers can be found in the on-line
catalog, which is the Appendix in MKG19, which gives a detailed description of the procedure for
averaging the relative abundances and their errors, and also shows that the external convergence
of the definitions of the chemical composition of different authors lies in the range 〈σ[el/Fe]〉 =
(0.06 − 0.16). Moreover, the values of the external convergence of the definitions of the relative
abundances of chemical elements in clusters turned out to be only slightly more than the variances
of the abundances in cluster stars declared by the authors of the primary papers. This indicates the
absence of significant discrepancies between the definitions of the abundances by different authors and
the possibility of using our compiled abundances of chemical elements for statistical analysis of the
chemical composition of clusters belonging to different subsystems of the Galaxy. Here we consider
the behavior of relative abundances in globular clusters of only four chemical elements: magnesium,
silicon, calcium and titanium as the most informative in terms of describing the evolution of the
early Galaxy. Most attention will be paid to the relative abundances of calcium and titanium. In the
visible spectrum, these two chemical elements have many lines, and their abundances are quite reliably
determined. The choice of these elements is due to the fact that the average relative abundances of
both primary α-elements — oxygen and magnesium — in the course of cluster evolution decrease
compared to their abundances in primary proto-clouds. And the abundances of another α-element
— silicon – are determined for a smaller number of clusters and are not at all determined for field
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stars and dwarf satellite galaxies, which we use for comparison.
For all 157 globular clusters, we calculated the rectangular coordinates from positions and dis-
tances from [7], and for 115 of them-from [8]. We supplemented the data for the last 115 clusters with
cylindrical velocity components, taking them from the authors of [8], and for the clusters Ter 4, Pal 3,
Pal 5, Pal 13, NGC6528 and NGC7006 calculated them from their proper motions, radial velocities
and distances from [7]. As a result, the number of clusters with known velocities increased by more
than two-thirds compared to our previous work MKG19 and totals 121 objects. Among them are
63 clusters (45 – in MKG 19) with the found abundances of chemical elements. The rectangular
velocity components in a cylindrical coordinate system, the center of which is placed in the center
of the Galaxy, were obtained on the basis of modern deep surveys (see studies [8], [9]). Previously,
cross-identification was performed for objects of the catalogs USNO-B1, (U. S. Naval Observatory
A1.0 catalogue), 2MASS (Two Micron All-Sky Survey), URAT1 (The First U. S. Naval Observatory
(USNO) Astrometric Robotic Telescope Catalog), ALLWISE (The Wide-field Infrared Survey Ex-
plorer et IPAC), UCAC5 (New Proper Motions using GaiaDR1) and GaiaDR1 (based on the Tycho-
Gaia Astrometric Solution) with subsequent reduction to the system Gaia DR1 TGAS (Tycho Gaia
Astrometric Solution). In so doing, the difference of epochs was up to 65 years, the velocity of the
Sun relative to the galactic center was taken equal to (U, V,W ) = (−10, 12 + 237, 7) km s−1, and
its galactic distance — RGC = 8.3 kpc. The average internal error declared by the authors for deter-
mining the components of spatial velocities is approximately 17 km s−1. Elements of galactic orbits
calculated from these velocities are also taken from [8]. We used the latter here solely to distinguish
clusters that have orbital points further than 15 kpc from the galactic center (see below for more
details). The ages of clusters we took from papers [10] and [11].
To facilitate the understanding of the text and detail of the figures, we have compiled a Table in
which we have included the parameters of globular clusters used in this work, as well as indicated
the belonging of clusters to a particular subsystem or group. The columns of the Table contain the
following information: (1) — cluster name, (2)–(4) — heliocentric coordinates (x, y, z) in the right-
hand orthogonal system in kiloparsecs, (5) — metallicity [Fe/H]H according to the Harris catalogue.
Columns (6)–(8) contain the iron abundances we found, as well as the relative abundances of two and
four α-elements, furthervelocity components in the cylindrical coordinate system: VR, VΘ, VZ , where
the component VR is directed to the anti-center of the Galaxy, VΘ — in the direction of galactic
rotation, VZ — to the North pole of the Galaxy (see above for details on the sources of cluster
positions and velocities). This is followed by Galactocentric distance (12), absolute magnitude (13),
and color index HBR1. The last two columns, (15) and (16), show the clusters belonging to the
galactic subsystems: T, TD and H are thin disk, thick disk and halo, respectively, and the clusters
belonging to the groups: i – internal: located at a distance (or apogalactic radii of their orbits) less
than 8 kpc, o – distant: located at a distance or have radii of orbits more than 15 kpc, r – retrograde,
with velocity of azimuthal components less than zero, a – accreted, for which the works of other
authors prove their extragalactic origin, t – genetically related–clusters that did not fall into any
of the last three groups. For comparison, we used the catalog [12], which gives metallicity, relative
abundances of α-elements and components of spatial velocities for 785 stars of the galactic field in
the entire range of metallicity of interest.
3 STRATIFICATION OF GLOBULAR CLUSTERS BY GALAXY
SUBSYSTEMS
In [5] for the first time the stratification of globular clusters by subsystems of the Galaxy was carried
out using not traditional criteria for metallicity and morphology of the horizontal branch, but by
the components of their residual velocities, as has been done for field stars for a long time. In the
1Morphological index, or horizontal branch color HBR = (B – R)/(B + V + R), where B, V, R are respectively the
number of stars at the blue end of the horizontal branch, in the instability band, and at the red end.
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compilation catalog for 45 clusters cited in this work, the abundances of some chemical elements are
found, and for 29 of them there is kinematic information. The authors found that most of the clusters
by kinematics belong to the galactic halo, however, a significant number of clusters turned out to have
disk kinematics, three of them–that of thin disk. More than a dozen clusters were included in the
accreted halo, for which, according to the elements of their galactic orbits, different authors showed
that they were most likely captured from several satellite galaxies, that is, of extragalactic origin.
It is clear that a single and sufficient criterion for stratification of globular clusters by subsystems
of the Galaxy does not exist. To reliably classify a cluster as a particular subsystem, one should
take into account many parameters characteristic of each subsystem, in particular, position, kine-
matics, metallicity, abundances of different chemical elements, age and morphology of the horizontal
branch. Since we are going to study the differences in the chemical composition of clusters of different
subsystems, here, as in the previous work, we used the kinematic criterion in which, according to
the velocity components VR, VΘ, VZ , the probabilities of clusters belonging to the subsystems of a
thin disk, a thick disk, and a halo are calculated by the method described in [13]. This technique is
similar to the technique used in the study [5], with only slightly different velocity dispersions in the
subsystems. In both methods, it is assumed that the components of the spatial velocities of stars in
each subsystem obey normal distributions. As the subsequent comparison showed, the belonging in
the same clusters turned out to be different only in the case of differences in the input velocities–here
they are more accurate. As shown by the subsequent comparison, the belonging of the clusters of the
same name turned out to be different only in the case of differences in the input velocities–we have
them more accurate. Since belonging to the subsystems are calculated from the residual velocities,
we have reduced the azimuthal components of the cluster velocities to the rotation velocity of the
centroid at the galactocentric distance at which the cluster is located. We took the rotation curve
from the Galaxy model [8]. Taking into account the large distance of clusters, which leads to large
errors in determining tangential velocities, and also taking into account that clusters do not con-
centrate to the galactic plane and do not participate in the general rotation of the galactic disk, as
close stars of the field, for which the [13] method was developed, we performed a recurrent procedure
when calculating the probabilities of falling clusters in a particular subsystem. In the second step,
we assigned the velocity dispersions and the numbers of clusters in subsystems in the probability
formulas such values as we obtained after the first step. This reduced the specified portion of objects
in the subsystems of the thin and thick disks. Although the recalculation somewhat redistributed the
belonging of a number of clusters that are kinematically in the transition zones between the thin and
thick disks, as well as between the thick disk and the halo, but in general the composition of subsys-
tems has changed insignificantly. To eliminate the ambiguity of individual stratification in paper [13]
it is recommended to consider a star as belonging to a subsystem if the probability of its belonging
to an alternative subsystem is at least two times less. As a result of this assumption, there is no
stratification for a number of sample stars even with kinematic data. Such stars are usually referred
to as intermediate. In view of the fact that we are interested in statistical regularities in subsystems,
which can be identified only by a significant number of objects, we stratified all our globular clusters
by subsystems, believing the sufficient criterion is simply a higher probability of belonging to any
subsystem. The Table indicates the belonging to the galactic subsystems for those clusters, for which
we have estimates of spatial velocities.
Fig. 1a presents the Tumre diagram “V 2Θ – (U
2
R +W
2
Z)
0.5” for our globular clusters and field stars
from the study [12]. The figure shows that objects demonstrating the kinematics of the subsystems of
the same name occupy approximately the same areas on the diagram, although in [12] the technique
slightly different from our one was used for field stars. The application of our technique showed that,
from the kinematic parameters, for 84 clusters (40 in MKG 19) the probability of belonging to the halo
is greater than to other subsystems. 34 clusters (28 in MKG 19) more likely belong to the thick disk,
and three clusters (four in MKG19) turned out to be with the kinematics of the thin disk. We see that
another model of the rotation curve of the Galaxy, more accurate estimates of the velocity, as well
as a significantly increased number of velocity components, slightly reduced the number of clusters
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in the thin disk, but the population of the thick disk increased by almost a quarter, and the number
of halo clusters more than doubled. Note that a comparison of the velocity components showed a
noticeable difference for the correlation coefficients of the same-named components r = (0.6 − 0.7).
And the differences in velocities, as shown by the test, are caused mainly by the refinement of their
proper motions, and not the distances to the clusters. As a result, the subsystems did not have the
same clusters in all cases. In particular, none of the three clusters with the thin disk kinematics
(according to the results of this work) belonged to this subsystem in MKG19. In the thick disk, 17
clusters were common. Estimates of the velocities of about a dozen clusters have changed so that
instead of a thick disk, as in the previous work, in the present work they fell into the halo. Significant
differences in velocities should be noted. So, according to the data on velocities from paper [7] used in
our previous work, the greatest velocity was for the cluster NGC 6553 VΘ = 383 km s
−1 and now this
value is 176 km s−1. The azimuthal components of the velocities of two other clusters — Pal 6 and
NGC 6284 — decreased as much, and for three clusters — NGC 4147, NGC 6144 and NGC 6723 —
they increased. In Fig. 2a, it can be seen that among the clusters with the kinematics of the thick disk
there was a significant number of such objects with rotational velocities around the galactic center
even larger than those of the Sun. Two thick disk clusters (NGC 6496 and NGC 6528) have azimuthal
velocities above 300 km s−1 at all. Four clusters with such large direct azimuthal velocities are also
present in the halo. It is also seen that more than half of the halo clusters exhibit retrograde rotation
around the galactic center. We believe that such clusters are highly likely to be of extragalactic origin.
Indeed, according to the hypothesis of the monolithic collapse of the protogalaxy from the halo to
the disk [14], the field stars and globular clusters genetically associated with the Galaxy cannot be
in retrograde orbits.
Fig. 1b shows the distribution of clusters in the coordinates “the distance from the galactic plane
(z) – the metallicity [Fe/H]”. In diagrams where spectroscopic determinations of other chemical ele-
ments are not used, the [Fe/H] values were taken from the catalog [6], since it contains the metallicities
for all clusters. Large circles in the figure indicate clusters belonging, according to kinematic charac-
teristics, to a thin disk (empty), a thick disk (red) and a halo (dark gray), and asterisk are unstratified
clusters, that is, clusters with unknown velocities. The most noticeable detail in the figure is the high
concentration of metallic ([Fe/H] > −1.0) clusters near the galactic plane, regardless of whether it
belongs to the subsystem of the Galaxy determined by kinematic criteria. As the test showed, the
maximum distance of the orbit points of all2 metal clusters were less 5 kpc, while for a significant
part of small metal clusters Zmax > 10 kpc. This fact, along with a pronounced dip on the metallicity
function in the region [Fe/H] ≈ −1.0 also encourages the allocation of metal-rich clusters in the disk
subsystem. But, on the other hand, the figure shows that the vast majority of clusters with thick disk
kinematics demonstrates [Fe/H] < −1.0, which is in contradiction with the above-described practice
of allocating disk clusters by metallicity. The concentration of metallic clusters to the galactic plane
forms a long-known vertical metallicity gradient. The situation is similar with the radial metallicity
gradient. In Fig. 1b, it can be seen that at a distance of z ≥ 5 kpc, the main part of the clusters lost
by satellite galaxies is located. And in such clusters, the spatial velocities reflect not the dynamic
conditions of star formation in a shrinking protogalactic cloud, but only the finite orbits of clusters
captured from dwarf satellite galaxies that have disintegrated under the tidal forces of the Galaxy.
At the same time, the more massive the parent satellite galaxy, the more flat and elongated its orbit,
at which it loses its clusters and stars [15].
2The exception is three distant metal clusters Pal 12, Whiting 1 and Terzan 7, which most likely belonged to the
last decayed dwarf galaxy Sagittarius.
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4 PROPERTIES OF GLOBULAR CLUSTERS OF DIFFERENT
SUBSYSTEMS AND WITH DIFFERENT NATURES
Fig. 2a shows the diagram “azimuthal velocity VΘ – metallicity [Fe/H]” for globular clusters and
field stars. Different icons indicate objects of different subsystems of the Galaxy. In contrast to a
similar diagram in [5], this one shows clusters with azimuthal velocities significantly different from
the solar one in the range [Fe/H] > −1. Moreover, four metal-rich clusters with retrograde orbits
are within 2 kpc from the galactic center, and one–at 4 kpc, whereas 25 metal-poor clusters with
VΘ < 0 have an average galactocentric distance of about 8 kpc (15 clusters lie further than 4 kpc).
In the diagram “VΘ – [Fe/H]”, we have also identified clusters that at different times various authors
have considered to belong to formerly decayed dwarf satellite galaxies. Additionally, clusters with
galactocentric distances RG or maximum radii of orbits Rmax above 15 kpc are noted. As you can see,
only one accreted cluster (ω Cen) is not marked, that is, it is closer than this radius. While fifteen
other clusters lie far away, their extragalactic origin is not proven. The behavior diagram of “distant”
clusters does not agree with the analogous one in MGK19, according to which there is a significant
correlation between metallicity and the azimuthal component of velocity. In this work, there are
more distant clusters due to the increase in the spatial velocity components and elements of galactic
orbits, and there are many distant metal-poor clusters with high azimuthal velocity components. As
a result, the correlation noted earlier is disavowed here.
The diagram “morphology of the horizontal branch HBR – metallicity” for our clusters is shown
in Fig. 2b. It follows that most of the clusters (but not all) that are currently inside the solar
circle (RGC < 8 kpc) actually have mostly extremely red or extremely blue horizontal branches. But
between these extreme positions, part of the inner clusters lies in a thin layer along the upper envelope
in the diagram, while most of the known accreted clusters lie mostly below it (see the inclined line in
Fig. 2b drawn “by eye”). However, as can be seen in the diagram, this arrangement is not absolute,
and there are exceptions. The probable accreted clusters are most likely also distant clusters (RGC
or Rmax > 15 kpc) and clusters with retrograde rotation (VΘ < 0.0). Thirteen of the 26 retrograde
clusters lie inside the solar circle. Nine retrograde clusters have extremely blue horizontal branches,
five are extremely red, and for ten, branches turned out to be abnormally reddened for their low
metallicity. As can be seen in Fig. 2b, all reddened branches really lie in the range between the
extreme HBR values in the diagram below the upper envelope. And among the distant clusters
all (except three) were metal-poor, whereas the morphology of their horizontal branch can be any.
It is generally believed that all metal-poor clusters lying below the narrow upper band can with a
high probability be considered as candidates for accreted (see [16]). It seems that this assumption
is very plausible, and the redness of the horizontal branches of accreted clusters can be explained.
Information on the belonging of clusters to the groups mentioned above is given in the Table.
As we have already noted, recent studies show that within the most massive globular clusters
there are several episodes of star formation with supernova explosions that enrich the interstellar
medium of the cluster with elements of the iron group. For example, several populations differing in
metallicity are found in the largest cluster of Omega Centauri (ω Cen). However, star populations
differing in the abundance of helium and CNO elements are also found in less massive clusters (see,
for example, paper [17]). It is believed that new, younger star populations in such clusters are formed
from chemically contaminated matter ejected by giants of the asymptotic branch of intermediate
masses, rapidly rotating massive stars, and also rotating AGB stars of the first generation [18],[19].
Over time, extended horizontal branches form in such clusters, as a result of which their color ceases
to correspond to the primary metal-poor chemical composition of the stellar population dominant in
number. The authors of [20] showed by numerical modeling that in clusters with a secondary younger
population enriched mainly with CNO-elements, the color of the horizontal branch actually becomes
more red. At the same time, the Oosterhoff type of cluster changes. As the simulation shows, all this
occurs in the initial stages of the cluster’s evolution within one billion years after the last burst of
star formation.
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In our diagram in Fig. 2b, we can see that of 42 clusters with extremely blue horizontal branches
(HBR > 0.85), only eleven are located or have orbit points further than 15 kpc from the galactic
center, while 29 clusters are currently inside the solar circle (RGC < 8 kpc), and four clusters are
between these boundaries. Moreover, among distant clusters, almost all are rather weak in absolute
magnitude, that is, their masses are small. This is well illustrated in Fig. 2c, where the diagram
“distance from the center of the Galaxy RG – the absolute magnitude MV ” for clusters with extremely
blue horizontal branches is shown. In addition, the figure highlights distant clusters (RGC or Rmax >
15 kpc). We see that all such clusters have MV ≥ 8m.0 (the exceptions are the distant bright cluster
NGC 2419 from Sgr, which has a boundary value HBR = 0.86, and NGC 4833 with a boundary
luminosity −8m.16), while all brighter clusters turned out to be close. However, the predominance of
low-mass clusters among distant clusters has long been known (see article [21] and references therein),
but for extremely blue clusters this regularity is most pronounced. As a result, it turns out that in
low-metal clusters, extremely blue horizontal branches are mainly observed near the galactic center
and in a small number of distant, relatively low-mass clusters. The reason may be that in both types
of clusters, the matter ejected by evolved stars does not remain in the clusters, but is swept away
by disturbances of the gravitational potential of the Galaxy. Moreover, in the former, this is due to
frequent approachings to the galactic bulge and disk, while in the latter–because of their small mass,
unable to hold this matter even at a considerable distance from the galactic center. As a result, the
secondary population of them either does not form, or is formed in a small amount. In metal-poor
clusters with reddened horizontal branches, all points of the orbits are often outside the solar circle,
where disturbances of the gravitational potential of the Galaxy affect less. Perhaps that’s why they
have time to form a population of younger stars, distorting the color of their horizontal branches.
The described picture is not quite unambiguous, since the third and subsequent populations in some
clusters are over-enriched with helium, which leads to the appearance of stars on the horizontal branch
on the high-temperature side of the instability band. As a result, the color of the branch shifts to
the blue side. A typical example is the cluster M15, which in addition to the normal blue part of the
horizontal branch also has the so-called “blue tail” [22]. Verification of the proposed explanation for
the existence of a correlation between the color of the horizontal branch and the loss of gas by the
cluster requires a detailed analysis of the orbital tracks of the clusters, as well as the use of numerous
published data on the individual chemical composition of stars in clusters.
Fig. 2d shows the diagrams of the “azimuthal velocity VΘ – ratios [Ca,Ti/Fe]” of globular clusters
of our sample, for which these parameters are determined, and field stars. Additionally, clusters for
which extragalactic origin, that is, considered to be accreted, and distant clusters are indicated on
the diagram. The vertical line VΘ = 0 separates field stars and clusters with retrograde rotation.
Field stars are characterized by high (on average) ratios [α/Fe], but with a large spread at small
and negative values of the azimuthal velocity and their rapid decrease near the velocity of rotation
of the galactic disk at a solar galactocentric distance. In globular clusters with any kinematics, the
relations [α/Fe] differ little from each other and do not correlate at all with the azimuthal component
of the velocity. And at all values VΘ < V their dispersion is small (σ[α/Fe] ≈ 0.1), however at the
velocity of revolution around the galactic center more than solar the dispersion sharply increases (the
truth, such clusters are only six, but among them there are clusters both with kinematics of all three
subsystems, and clusters of various origin). The high relative abundances of α-elements suggest that
almost all clusters were formed, most likely, from interstellar matter not yet enriched with elements
of the iron group from type Ia supernova outbursts.
5 ABUNDANCES OF α-ELEMENTS IN GLOBULAR CLUSTERS
OF DIFFERENT SUBSYSTEMS AND ORIGIN
Fig. 3a shows the diagram “[Fe/H] – [Ca,Ti/Fe]” for globular clusters of different galactic subsystems
and field stars of different nature (details below). The figure shows that clusters belonging to any
subsystem by the kinematic criterion, unlike field stars, can have not only different metallicities, but
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also different relative abundances of α-elements. In Fig. 3b, where the same diagram is plotted for
averaged over four α-elements: magnesium, silicon, calcium and titanium, we see that in general the
position of the region occupied by globular clusters relative to field stars has not changed, but the
number of clusters decreased. Unlike other diagrams of the figure, on this panel, for comparison,
different icons indicate field stars of different galactic subsystems, selected by the kinematic criterion
from [13]. It can be seen that the clusters and field stars of the same-name subsystems have a
significantly different chemical composition. For genetically connected field stars, that is, formed
from a single protogalactic cloud, metallicity can serve as a statistical indicator of their age, since in
a closed star-gas system (which in the first approximation can be considered our Galaxy), the total
abundance of heavy elements steadily increases over time. As such, we consider field stars with residual
velocities Vres > 240 km s
−1 (see study [23]), and they are designated by small dark green snowflakes
on the diagram. The vast majority of field stars with higher residual velocities (indicated by crosses)
have retrograde rotation (see Fig. 2a). All such high-velocity stars can be considered candidates for
accreted. Note that metal-poor ([Fe/H] < −1.0) genetically related field stars are located along the
upper half of the strip in Fig. 3a, 3c, 3d. To orient in the figures the broken curves, drawn “by eye”,
indicate the lower envelopes for genetically related field stars. The position of our line is in good
agreement with paper [24], the authors of which distinguished two populations among metal-poor
field stars not by kinematics, but by the relative abundances of α-elements approximately along the
boundary [α/Fe] =∼ 0.3 and found that the stars of these populations differ not only in chemical
composition, but also in kinematics and age. Moreover, they initially looked for evidence that the
population with a lower relative abundance of α-elements is of extragalactic origin. Figs. 3a, 3c, 3d
show that in genetically related stars, the [α/Fe] ratios sharply decrease with increasing metallicity,
starting from [Fe/H] ≈ −1.0, due to the onset of Ia SNe outbursts in the Galaxy. In globular clusters,
this is not observed, and the vast majority of metal-rich clusters lie above the band occupied by field
stars. Although a slight decrease in the [α/Fe] ratios with an increase in metallicity in the range
[Fe/H] > −1.0, is noticeable for them, their positions in the diagram mainly remain in the ratio
range [α/Fe] > 0.15, as in less metallic clusters. In this case, clusters belonging by the kinematics
to two most numerous galactic subsystems–thick disk and halo–do not show statistically significant
differences in positions in Figs. 3a and 3b.
Fig. 3c shows the same “[Fe/H] – [Ca,Ti/Fe]” diagram, but the clusters are distinguished by other
signs: accreted clusters, whose membership in the past to decayed satellite galaxies was determined
by different authors based on estimates of their positions and spatial movements, distant clusters
(RGC or Rmax > 15 kpc) and retrograde ones. It can be seen that in the range ([Fe/H] < −1.0),
clusters are located on the diagram so that the lower envelope for genetically related stars is close to
the median. It is also seen that, in general, the entire population of accreted clusters, together with
candidates for accreted clusters (distant clusters and clusters in retrograde orbits), shows in Fig. 3c
a large scatter of the [α/Fe] ratios. (Moreover, five of the twelve clusters with retrograde orbits
were inside the solar circle.) Their spread is much larger than that of genetically related field stars.
However, approximately the same wide spread is shown in Fig. 3 by high-velocity (Vres > 240 km s
−1)
metal-poor field stars that are not genetically related to a single protogalactic cloud and are likely
extragalactic in origin. It is possible that a large spread of the [α/Fe] ratios in such clusters and field
stars could be due to the difference in the maximum masses of type II supernovae that enriched the
matter of their many parent dwarf galaxies.
In Fig. 3d, solid black circles show clusters that, by any signs, cannot be classified as candidates
for accreted ones. We consider such clusters to be genetically related, that is, formed from a single
protogalactic cloud. By definition, all 32 such clusters of our sample are located closer than 15 kpc
from the galactic center. Moreover, 27 of them, marked in the figure by white triangles inside the
circle, generally lie inside the solar circle (RGC < 8 kpc). And among them are all metal-rich clusters
with high ratios [Ca,Ti/Fe], some of which most likely belong to the galactic bulge (see [25]). In
this diagram, in addition to genetically related clusters, those are also plotted for which belonging
to two very massive dwarf galaxies–Sgr and CMa–is considered to be reliably established (see the
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list of accreted clusters in MKG19). The figure shows that 21 out of 27 accreted and genetically
related clusters in the range [Fe/H] < −1.0 form a rather narrow band on the diagram, and the lower
envelope for genetically related field stars can serve as such for them also. But at the same time, all
of these clusters are more closely concentrated to this line than genetically related field stars. (The
very low [Ca,Ti/Fe] ratios are shown by two metal-poor clusters from Sgr: a very distant cluster with
the only star studied in one work NGC 2419 and Ter 8, however, the relative magnesium abundances
in both are high — 0.30 and 0.52, respectively, and the silicon abundance in Ter 8 is 0.38, that is,
when all α-elements are taken into account, these clusters also appear near the lower envelope. The
situation is similar with the halo cluster NGC 6287, for which [Si/Fe] = 0.55, a [Mg/Fe] = 0.35.) But
in a more metallic range, both metal-rich clusters (Pal 12 and Ter 7) captured from a dwarf satellite
galaxy of Sgr lie below field stars. The metal-poor cluster Rup 106, which is believed to be lost by
the rather massive dwarf galaxy CMa [26], is also anomalously low in the diagram. However, the very
low relative abundance of α-elements in it along with low metallicity contradicts this assumption. It
can be assumed that it was lost by one of the low-mass dwarf satellite galaxies. Provided, of course,
that the abundances of α-elements in just two stars of Rup 106 are defined correctly in one article.
Note that this cluster is one of the least massive (MV = −6m.35) metal-poor clusters in the Galaxy
and could well be formed in such a dwarf galaxy.
6 ACCRETEDGLOBULAR CLUSTERS ANDMASSES OF THEIR
PARENT GALAXIES
In [27], for 235 stars of the core of the currently destroyed dwarf galaxy Sagittarius (Sgr), the de-
pendence of [Mg, Ca/Fe] on [Fe/H] is constructed and it is emphasized that in the low-metal range
([Fe/H] < −1.0) the sequence of stars from this galaxy coincides with the sequence of field stars of
the Galaxy, and with greater metallicity it lies slightly lower than that of field stars. Moreover, the
authors of this work note that in the region [Fe/H] > −1.0 the dependence of the relative abundances
of α-elements on metallicity in the Sagittarius galaxy is very similar to that observed in stars of the
most massive satellite of the Galaxy–Big Magellanic Cloud. This, in their opinion, also implies a
large mass of the Sagittarius galaxy. Indeed, the simulation in [28] of the kinematics of the tidal tail
of the stars of the Sagittarius galaxy showed that in order to reproduce the velocity dispersion in the
stream from this galaxy, the mass of its dark halo should be M = 6 × 1010M. The authors of [27]
managed to reproduce the observed chemical laws in the parent dwarf galaxy Sagittarius in a model
that implies just such a large initial mass and a significant loss of it several billion years ago, starting
from its first intersection of the perigalactic of our Galaxy.
In Fig. 3d, among the field stars, the field stars of the so-called Centaurus stream are marked
with large gray oblique crosses. It is assumed that all these stars were lost by a dwarf satellite
galaxy, the central core of which was the most massive globular cluster Omega Centauri (ω Cen)
currently owned by our Galaxy (see article [29] and references therein). Numerical simulation of the
dynamic processes occurring during the interaction of the satellite galaxy with the disk and bulge
of our Galaxy showed that the capture of the dwarf galaxy core into an elongated retrograde orbit
with a small apogalactic radius is quite possible, while the galaxy should be quite massive: of order
of 109M [30]. In particular, the results of numerical simulation [31] demonstrated that the orbits
of sufficiently massive satellite galaxies are constantly decreasing in size and moving into the galactic
plane by dynamic friction. Over time, such galaxies, having acquired very eccentric orbits, almost
parallel to the galactic disk, begin to be intensively destroyed by the tidal forces of the Galaxy with
each passing perigalactic distance, losing stars with clearly determined orbital energies and angular
moments. Therefore, if the observer is between the apogalactic and perigalactic radii of such an
orbit, the tidal “tail” from the disrupted galaxy will be observed as a “moving group” of stars with
small vertical velocity components and a wide, symmetrical and often bimodal distribution of radial
spatial velocity components. Based on the recommendations of the authors of paper [32], in paper
[23] from the author’s cumulative catalog of spectroscopic determinations of magnesium abundances
9
(representative of α-elements) in 800 close F –K –dwarfs of the field [33] by the azimuthal and vertical
velocity components in the ranges −50 ≤ VΘ ≤ 0 km s−1 and |VZ | < 65 km s−1, respectively, stars
that were lost by a dwarf galaxy centered on the cluster ω Cen were allocated. It turned out that
the isolated 18 stars of the stream did show a rather narrow dependence of [Mg/Fe] on [Fe/H],
characteristic of genetically related stars. Moreover, the position of the “knee point” of the relative
magnesium abundance at [Fe/H] ≈ −1.3 dex indicates that the rate of star formation in their parent
galaxy was lower than in our Galaxy. Star formation in this galaxy seems to have lasted so long that
its most metal-rich stars reached a ratio of [Mg/Fe] < 0.0 dex, that is, even less than that of the Sun.
However, the low value of the maximum metallicity of the stars of this group (only [Fe/H] ≈ −0.7)
indicates the cessation of subsequent star formation in their parent galaxy. Most likely, this was due
to the beginning of the collapse of the dwarf galaxy. In other words, the chemical composition of the
stars of this former galaxy suggests that it did evolve for quite some time (but less than our Galaxy)
before collapsing. In this paper, by the same criteria, we isolated the Centauri stream stars from the
field star catalog [12] used here. There were also 18 such stars (see Fig. 3d). We see that the behavior
of two other α-elements — calcium and titanium — corresponds to the description of the behavior
of magnesium according to another catalog. As a result, it turns out that the dependence of [α/Fe]
on [Fe/H] in the stars of the Centauri stream is in good agreement with the dependence of accreted
clusters in the range [Fe/H] > −1.5. That is, the assumption is confirmed about the extragalactic
origin of at least some high-velocity field stars, that came to us from satellite galaxies of rather large
masses .
7 DISCUSSION
OurGalaxy has a complex multicomponent structure, consisting of several subsystems, which are laid
out in each other. There are no clear boundaries for subsystems, so their size can be estimated only
approximately. Geometric boundaries imply certain dispersions of the velocities of objects belonging
to this subsystem. The use of kinematic parameters is considered the most reliable method of strati-
fication of objects by subsystems. It is in this way that the field stars are divided into subsystems of
the Galaxy. As the results of this work show, this method is not suitable for globular clusters, since
the clusters of different subsystems isolated by kinematics demonstrate chemical properties that are
radically different from the properties of the field stars of the same galactic subsystems. In partic-
ular, all metal-rich ([Fe/H] > −1.0) clusters belonging to any subsystem by kinematics are enclosed
within rather narrow limits relative to the center and plane of the Galaxy. But in the less metallic
range, among the clusters, isolated by kinematics, of both the thick disk and the halo, there are
also very distant ones. This is evident in the well-known radial and vertical metallicity gradients in
the general population of globular clusters of the Galaxy. It turns out that the traditionally used
procedure for isolating the clusters of the thick disk and halo by metallicity is more acceptable. We
emphasize that the same contradiction was revealed in our previous work, where the clusters were
stratified by velocities from [7]. It turns out that increasing the number and reliability of determining
the components of cluster velocities did not lead to its elimination. The difference in the chemical
composition of globular clusters and field stars, allocated by the kinematic criterion in the subsystem
of the thick disk, indicates, most likely, the lack of correspondence between the subsystems of the
same name for these objects. It turns out that the reasons for the formation of these subsystems are
different for field stars and globular clusters. Indeed, the high relative abundances of α-elements in
metal-rich clusters suggest that they formed within about a billion years after the beginning of star
formation. While in the field stars, starting from [Fe/H] = 1.0, these ratios begin to decrease due
to the beginning of the era of mass type Ia supernova outbursts. This suggests that metal-rich field
stars are younger than globular clusters of the same metallicity.
However, we note that a similar contradiction, although not so pronounced, between the criteria for
belonging to the disk subsystems and the halo by chemical and kinematic properties is also observed
in field stars of the RR Lyrae type (see paper [34]). Perhaps not all field lyrids are genetically related
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to our Galaxy. In [35] it is proved that some of the field stars got into it from a rather massive
captured satellite galaxy shortly after the formation of its own halo (see below for details). By now,
some of them may well have become variables of type RR Lyrae. This version is in favor of the fact
that the relative abundances of α-elements in the field lyrids undergo a kink in the diagram “[Fe/H] –
[α/Fe]” at a lower metallicity than field stars. This version is also confirmed by the somewhat lower
relative abundances of all α-elements (the above is especially true for titanium) in most metal-rich
lyrids with thin disk kinematics (see Figs. 2a – 2d and 3a in work [34]). But then there is a need to
explain how such metal-rich stars could have formed at the early stages of evolution in a dwarf galaxy
now already, and could have acquired the kinematics of field stars of the thick and thin disk in our
Galaxy. Of course, this assumption is very superficial and requires comprehensive justification. Note
that in [36] we assumed that relatively young metal-rich field lyrids have increased helium content,
leading to faster evolution of stars, and in the vicinity of the Sun they are carried out by radial
migration from the central regions of the Galaxy, where such stars have already been found.
Recall that the probabilities of clusters belonging to galactic subsystems are calculated on the
basis of residual velocities at galactocentric distances corresponding to current positions. In so doing,
it is not taken into account at all how far from the galactic plane the clusters are now. As a result, the
vertical components of the residual velocities of clusters located near their apogalactic radii of orbits
are underestimated. And this, in turn, can lead to erroneous attribution of such clusters to the disk
subsystem. However, our verification showed that, even if clusters located far from the galactic plane
were removed from the clusters of the the thick disk selected by kinematics, there would still be many
metal-poor ones in the subsystem. Moreover, even the maximum distances from the galactic disk in
the remaining clusters turned out to be less than 3 kpc. And on the other hand, among metal-rich
clusters, there are still many such objects with the kinematics of the halo. That is, the discrepancy
between the kinematic and chemical stratification criteria remains.
If we assume that all genetically related globular clusters were formed from the matter of a single
protogalactic cloud, then we can assume that the existence of active phases in the evolution of the
Galaxy is responsible for such a distinguished position of metal-rich clusters (see the study [3]). The
active phase period occurs after massive supernova bursts in the halo, warming up interstellar matter,
resulting in a delay in star formation. During this delay, the interstellar matter of the proto-galaxy,
already contaminated with heavy elements, mixes, cools and collapses to a smaller size, after which
star formation begins again in the Galaxy and disk subsystems are formed. However, in such a
scenario, the formation of subsystems in globular clusters does not fit: as can be seen in Fig. 3a–3d,
relative abundances of α-elements in almost all studied metal-rich clusters (except three accreted
clusters Ter 7, Pal 12 and Rup 106, and two bulge clusters NGC 6528 and NGC 6553) turned out to
be high: [α/Fe] > 0.15. The absence of a reliably traceable “knee” on the dependence of [α/Fe] on
[Fe/H], as in the field stars, indicates that all the studied clusters were formed before the onset of SNe
Ia outbursts, that is, during the first billion years after the start of star formation in the protogalactic
cloud. These supernovae enrich the interstellar medium exclusively with atoms of elements of the
iron group, as a result of which the [α/Fe] ratios in the closed star-gas system begin to decrease. As
can be determined by the field stars in Fig. 3a – 3d, in the Galaxy this happens at [Fe/H] ≈ −1.0.
The same figure shows that within the metallic range, clusters also have a decrease in the relative
abundances of α-elements with an increase in metallicity, but the ratios [α/Fe] for any metallicity
remains higher than that of field stars of the thick disk . As a result, the dependence of [α/Fe] on
[Fe/H] lies above and parallel to the similar dependence of the field stars. And among them there
are clusters of all subsystems allocated by kinematics. As seen in Fig. 3d, what unites the metal-rich
clusters is that they all lie inside the solar circle. And even the most remote points of their orbits
practically do not go beyond this radius. The estimation of the age of clusters due to its uncertainty
does not allow to draw a final conclusion about their nature. In particular, according to estimates
of ages from paper [10], they are all younger than 11.5 Gyr. But according to the definitions from
paper [11] they are older and appeared simultaneously with the oldest, least metallic clusters. On
the other hand, both data show a steady monotonous decrease in the ages of metal-rich clusters with
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increasing metallicity. It turns out that more metal-rich clusters with lower relative abundances of
α-elements are born mainly later. In this case, we have to agree with the statement that this is due to
the beginning of SNe Ia supernovae outbreaks. But then the small ages of metallic clusters from the
study [10] seem to be more correct. This behavior of clusters can be put within the framework of the
hypothesis about the active phases of Galaxy evolution. Moreover, the higher relative abundances
of α-elements for all metal-rich clusters than those of the stars fields, can be explained by the fact
that they formed from the interstellar matter, which already collapsed and was enriched with heavy
elements after delayed star formation. This interstellar matter of increased density led to an increase
in the upper the mass limit of the forming stars, and therefore of the supernovae of the second
type, throwing out a greater number of α-elements. In this case, metal-poor, genetically related
clusters, the orbits of which also lie almost completely inside the solar circle, should have been born
before the onset of the active phase. Indeed, according to [10], the ages of less metallic genetically
related clusters are systematically larger. It is possible that already at the time of their birth, the
collapse rate of the protogalactic cloud had slowed significantly, which led to the presence of clusters
with a “younger” kinematics of the thick disk among them. However, large differences in cluster
velocities, according to estimates of various authors, do not exclude the possibility that their errors
are significantly underestimated, which could lead to incorrect stratification of some clusters. Thus,
based on the hypothesis about the active phases of the evolution of the Galaxy, we can try to give a
consistent explanation of the cause of the jump-like change in the volume in the Galaxy occupied by
clusters when passing through [Fe/H] ≈ −1.0. Although in this case it is still unclear the existence
of clusters with halo kinematics in the range [Fe/H] > −1.0, the appearance of which can not be
attributed to small modern values of errors in the measurement of proper motions and distances to
globular clusters.
In our Fig. 3 it can be seen that the entire set of metal-poor ([Fe/H] < −1.0) globular clusters
of the Galaxy occupies on the “[Fe/H] – [α/Fe]” diagram almost the same band along with fast
(VΘ > 240 km s
−1), that is, accreted field stars. Moreover, as follows from the same diagram, the
stars of dwarf satellite galaxies [37.39] of our Galaxy, with the same low metallicity, have significantly
lower values [α/Fe]. The above indicates that all stellar objects of the accreted halo are remnants of
galaxies of higher mass than the current environment of the Galaxy. Differences in the abundances
of α-elements between the stellar objects of the Galaxy and the less massive dwarf satellite galaxies
surrounding it indicate that the latter did not leave a noticeable stellar trace in it. This conclusion
is consistent with the result obtained from a smaller number of globular clusters in [5]. In a recent
article [40], based on the discovery of high radial anisotropy of the velocity field in a large sample of
halo dwarfs from a vicinity of about 10 kpc from the Sun, it was also concluded that a large-mass
satellite accretes to the Galaxy about 8 – 11 Gyr ago. Even more definite conclusions regarding the
capture of a massive (109M) satellite galaxy by our Galaxy at the early stages of evolution and
the formation of a thick disk as a result of its fall due to heating of an already formed thin stellar
disk were made in [35]. These conclusions were obtained by analyzing the relative abundances of
α-elements and the velocities of several tens of thousands of stars within 15 kpc from the Sun in a
sample compiled by cross-identification between the catalogs SDSS–APOGEEDR14 and GaiaDR2.
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Figure 1: The Tumre diagram for globular clusters and field stars from [12] (a) and the dependence
of metallicity on the distance to the galactic plane (b). The field stars are indicated by: light gray
snowflakes-the thin disk, yellow-the thick disk, dark gray-the halo. The large circles denoting clusters
belonging to the thin disk by kinematic features are empty, those of the thick disk are red, and those
of the halo are dark gray. The stars denote unstratified clusters. Circled are clusters known as lost
by dwarf galaxies. The values [Fe/H] are taken from the catalog [6].
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Figure 2: The relation between “spectroscopic metallicity” a nd rotation speed around the galactic
center for the field stars and globular clusters (a); the relation between metallicity from catalog
[6] and the color of the horizontal branch clusters (b); the relation between absolute magnitude
and galactocentric distance of clusters with extremely blue horizontal branches (c) and the relation
between relative abundances of α-elements and rotation speed around the galactic center for field
stars and clusters (d). Large hexagons around circles are distant clusters (RGC or Rmax > 15 kpc);
light gray triangles around circles are clusters in retrograde orbits; white triangles inside the icons
are clusters lying inside the solar circle (RG < 8 kpc). The dotted horizontal lines are drawn through
[Fe/H] = −1.0 (a), (b) and [α/Fe] = 0.0 (d); the dotted vertical lines are VΘ = 0 inside the solar
circle (RG < 8 kpc). The dashed horizontal lines are drawn through [Fe/H] = −1.0 (a), (b) and
[α/Fe] = 0.0 (d), and the vertical lines are VΘ = 0 and 220 km s
−1 (a), (d) and HBR = 0.85 (b); the
inclined line is drawn “by eye” and separates the positions of internal and external clusters (b). Other
designations are the same as in Fig. 1. The names of clusters, which deviate far from the average for
the respective subsystems, are inscribed.
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Figure 3: The dependence of the relative abundances averaged over two α-elements (Ca and Ti) (a),
(c), (d) and four α-elements (Mg, Ca, Si and Ti) (b) on metallicity for the field stars from paper
[12] and globular clusters (due to the lack of silicon abundances in the field stars, they are averaged
over three elements). The stars of the field and clusters of different subsystems are indicated as in
Fig. 1a (a), (b). Green snowflakes are genetically related field stars with Vres > 240 km s
−1, pink
crosses are higher-velocity field stars (a) (c), (d); outer and inner clusters in retrograde orbits are
indicated as in Figs. 2b and 2c. Large orange pentagons are clusters lost by the CMA galaxy; large
gray stars are clusters lost by the Sgr galaxy; diamonds are dwarf satellite galaxy stars from papers
[35],[37],[38], large oblique crosses are Centauri stream stars (d). Broken curve line is a drawn “by
eye” lower envelope for genetically related field stars (a)–(d).
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